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ABSTRACT  
 
PURPOSE. To investigate whether a genetic risk score (GRS) improved performance of predicting refractive error compared to knowing a childǯs number of myopic parents 
(NMP) alone.  
 
METHODS. This was a retrospective analysis of data from the Avon Longitudinal Study 
of Parents and Children (ALSPAC) birth cohort study. Refractive error was assessed 
longitudinally between age 7-15 using noncycloplegic autorefraction. Genetic variants 
(n=149) associated with refractive error from a CREAM consortium genome-wide 
association study were used to calculate a GRS for each child. Using refractive error at 
ages 7 and 15 years as the outcome variable, coefficient of determination (R2) values 
were calculated via linear regression models for the predictors: NMP, GRS and a 
combined model. 
 
RESULTS. NMP was weakly predictive of refractive error in children aged 7 years, R2 = 
3.0% (95% CI 1.8-4.1%, P<0.0001) and aged 15 years, R2 = 4.8% (3.1-6.5%, P<0.0001). 
The GRS was also weakly predictive; age 7 years, R2 = 1.1% (0.0-1.9%, P<0.0001) and 15 
years R2 = 2.6% (1.3-3.9%, P<0.0001). Combining the 2 variables gave larger R2 values 
at ages 7, R2 =3.7% (2.5-5.0%, P<0.0001) and 15, R2 = 7.0% (5.0-9.0%, P<0.0001). The 
combined model improved performance at both ages (both P<0.0001). 
 
CONCLUSION. A GRS improved the ability to detect children at risk of myopia 
independently of knowing the NMP. We speculate this may be because NMP captures 
information concerning environmental risk factors for myopia. Nevertheless, further 
gains are required to make such predictive tests worthwhile in the clinical environment. 
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Introduction  
The prevalence of refractive error, particularly myopia (short-sightedness) has increased 
in recent years1, 2, and is the leading cause of preventable blindness3 with some countries in 
East and Southeast Asia reporting prevalence rates of over 90% in the younger population4. 
Current estimates suggest that this increase in prevalence will continue to rise, with a 
possible 2.5 billion people becoming myopic within the next decade5.  
 
Myopia has been associated with ocular disease and irreversible blindness, even at low 
levels of severity6, and hence there is concern that as myopia is rising in the population so 
will the levels of sight loss. Refractive error and myopia also increase the financial burdens 
on healthcare providers and individuals, which have been growing for several years7, 8. This 
may lead to individuals avoiding an update to their ocular prescription, which risks 
accelerating myopia progression9. 
 
The aetiology of myopia can be described as complex. It has been shown myopia can be 
produced by a solely environmental cause (the deprivation of form vision during 
infancy)10-12, whilst other studies have shown that myopia can develop from a genetic 
cause alone13, 14. In the case of purely genetic causes, i.e. syndromic myopia, the effects are 
not typical for the majority of the myopic population. As such, much attention in the 
research literature has been to the relative importance of genes versus environment, with a 
growing consensus that myopia is predominantly caused by a combination of both genetic 
and environmental factors15-18.  
 
One widely investigated risk factor is the refractive status of a childǯs parents19-21. 
Clinicians can offer parents advice on a childǯs risk of myopia by questioning them about 
whether or not they (the parents) have myopia. However this approach has limitations; 
firstly parents may not be aware of their own refractive status, or they may confuse terms like Ǯshort-sightednessǯ and Ǯlong-sightednessǯ, secondly, the approach does not allow an 
estimation of the level of myopia that may develop, and thirdly, there are conflicting 
accounts of the relative risk posed by having one or two myopic parents, in different 
populations21-26. These conflicting risk estimates make it difficult to give precise, evidence-
based advice to parents about their childǯs likely refractive status in the future.  
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Numerous genetic variants associated with refractive error have been discovered27-31. 
Researchers have used these variants to calculate genetic risk scores (GRS) using beta-
coefficients (an effect size calculated for a specific risk allele in a genome-wide association 
study) and numbers of risk alleles inherited by a particular individual, to predict that individualǯs refractive error and their risk of myopia development. For example, Verhoeven 
et al.27 found a tenfold increase in the risk of myopia between individuals in the first versus 
the tenth decile of a GRS comprised of information on 26 myopia-associated genetic 
variants.  
 
Here we sought to test two closely-related hypotheses: (1) that a genetic risk score would 
enhance the prediction of refractive error over and above knowing the number of myopic 
parents, and (2) that a genetic risk score would enhance the prediction of incident myopia 
over and above knowing the number of myopic parents.  
 
Methods 
Study design and ethical approval 
This work was a retrospective analysis of data from a prospective birth cohort study, the 
Avon Longitudinal Study of Parents and Children (ALSPAC). The study adhered to the 
Declaration of Helsinki, and was conducted in compliance with laws in the United Kingdom. 
Ethical approval for the study was obtained from the ALSPAC Ethics and Law Committee 
and the Local Research Ethics Committees. All participants provided written informed 
consent. Statistical analyses were performed using R. 
 
ALSPAC study participants  
ALSPAC recruited pregnant mothers with delivery dates between April 1991 and December 
1992 who lived in the area of the previously named county of Avon. 15,247 pregnant 
women were enrolled into ALSPAC, with 14,701 children still alive at one year of age. 
Cohort profiles of the ALSPAC study have been published32, 33, and the study website 
contains details of all the data that is available through a fully searchable data dictionary 
(www.bris.ac.uk/alspac/researchers/data-access/data-dictionary). A flowchart of the 
participant inclusion and exclusion, and sample subsets can be found in Figure 1.    
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ALSPAC participants attended research clinics approximately once per year from the age of 
7 years. A variety of different measurements were obtained, including assessment of non-
cycloplegic auto-refraction (Canon R50 instrument, Canon USA Inc., Lake Success, NY) at 
the ages of 7, 10, 11, 12 and 15 years old 34. Replicate auto-refraction readings were 
averaged, and used to calculate an average mean spherical equivalent (MSE) by adding the 
sphere and half of the cylinder power together. The MSE averaged between the two eyes 
was used as the measure for refractive error in the statistical analyses.  
 
ALSPAC researchers collected blood samples from the participants and DNA was extracted 
from immortalised lymphocytes and genotyped using the Illumina HumanHap550 quad 
chip genotyping platform for approximately 10,000 children35. There were 7,981 children 
with genome-wide genotype data remaining after excluding those whose data failed 
quality-control assessments, related individuals, participants with non-European ancestry, 
and individuals who withdrew their consent.  
 
Information regarding the number of myopic parents was collected via questionnaires 
completed by each parent; the question asked was: ǲHow would you rate your sight without glasses?ǳ Options for response were: ǲalways very goodǳ, ǲI can't see clearly at a distanceǳ, ǲI can't see clearly close upǳ, and ǲI can't see much at all.ǳ After evaluating the 
responses of parents whose refractive error was known, the optimum classification was 
achieved as follows 36: parents with responses for both eyes as ǲI can't see clearly at a 
distanceǳ or ǲI can't see much at allǳ or a combination of these two responses were classed as being myopic. Parents with both eyes categorized as ǲalways very goodǳ or ǲI can't see clearly close upǳ or a combination of these two responses were classed as being non-
myopic. Any other combination of responses resulted in the classification being set as ǲmissingǳ.  
 
We divided the participants into five overlapping groups to test our hypotheses, i.e. some 
participants were assigned to more than one group (see Figure 1). More detail can be found 
in the relevant sub-sections below. 
 
Genetic risk modelling 
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A genetic risk score was calculated using genetic variants that showed genome-wide 
significant association with refractive error in a genome-wide association study (GWAS) of 
160,420 participants conducted jointly by the CREAM Consortium and 23andMe Inc.37, 
restricted to those variants whose association with refractive error was replicated UK 
Biobank participants37. This resulted in 149 variants remaining for calculating the genetic 
risk scores (Supplementary Table 1), which included both insertion or deletion (INDELs) 
and single nucleotide polymorphism (SNP) variants.  
 
The Ǯ--scoreǯ function of Plink 1.9 (version C3)38 was used to compute a genetic risk score 
for each ALSPAC participant. This was done by using the beta-coefficient (effect size) of 
each of the 149 variants calculated from the UK Biobank replication GWAS37 multiplied by 
the number of risk alleles carried by an individual. The sum of these values was then 
calculated, as shown in the equation: 
 
Predicted refractive error = (B1 * X1) + (B2 * X2) + (B3 * X3Ȍ + … ȋBn * Xn)  
 
Where Bi  is the beta-coefficient for variant i and Xi is the number of risk alleles of variant i 
carried by the participant of interest. For ease of interpretation we standardised the 
genetic risk score so that it had a mean of zero and a standard deviation of 1 in the sample. 
We also reversed the sign of the genetic risk score so that a higher score was associated 
with a higher risk of myopia. An allele score was also calculated using the Plink Ǯ--scoreǯ 
function to create a count of the number of risk alleles carried by each participant. 
 
Refractive error linear model predictive analyses 
Linear regression models were created with refractive error in Dioptres as the outcome 
variable and number of myopic parents and/or genetic risk score as the predictor 
variables. Separate models were created for all children who had refractive error data 
available at 7 and at 15 years old. The fit of each model was quantified using the coefficient 
of determination (R2 value). The number of myopic parents was coded as a categorical 
variable with three levels (0, 1 or 2), with zero as the reference category. The genetic risk 
score was coded as a continuous variable. The Ǯimprovement in model fitǯ for the combined 
model with both predictor variables was tested against a model with only number of 
myopic parents as predictor, using a likelihood ratio test.  
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In order to allow a comparison of predictive performance for children of different ages (i.e. 
age 7 vs. 15 years old) a sample of participants who had refractive data available at both 
ages was analysed to allow for a direct comparison. As it has been found that participants 
who consistently attended ALSPAC research clinics throughout the age 7-15 period have a 
bias towards being more myopic33, we report the results for the samples of participants 
described above (i.e. all children attending at age 7, and all attending at age 15 years) for all 
analyses except for the age 7 vs. age 15 comparisons, to minimise the effects of this bias.  
 
Refractive error trajectory estimation  
Linear Mixed Models (LMM) were used to examine refractive trajectories39 to estimate the 
effects of the genetic risk score and the number of myopic parents, with a combined model 
also generated for comparison. Each LMM contained terms for the following fixed effects: 
gender, polynomial terms for age at visit (for the first, second, third, and fourth order), and 
the predictive variable(s) of interest; namely, the number of myopic parents (coded 0, 1, or 
2) and/or the genetic risk score. The refractive error of each child at the baseline visit and 
the linear trajectory of refractive error with age were modelled as individual-level random 
effects.  
 
To illustrate the results of the best fitting models, graphs were plotted displaying the 
refractive trajectories of: (a) children with 0, 1, or 2 myopic parents, (b) children with 
genetic risk scores, which after being standardised (i.e. converted to Z-scores) were 
categorised as low, average, or high risk, and (c) children assigned to one of nine groups 
defined by their number of myopic parents and their standardised genetic risk score 
category. (In both models containing a term for genetic risk score, ǲlowǳ and ǲhighǳ genetic 
risk were defined as a genetic risk score >1 standard deviation lower or higher than the 
mean value, respectively, and average genetic risk was defined as having a genetic risk 
score within ± 1 standard deviation of the mean). 
 
Prediction of incident myopia 
Survival analysis was conducted using Cox proportional hazards models to investigate risk 
factors predictive of the Ǯeventǯ of incident myopia34.  
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All 3,780 participants with a known number of myopic parents, genotype data available, 
and who had at least one successful auto-refraction measurement were included in these 
analyses (Figure 1). Myopia was defined as a non-cycloplegic auto-refraction spherical 
equivalent ≤ -1.00D, which corresponds, on average, to a cycloplegic refractive error of 
approximately -0.75 D in this sample40. The age at myopia onset was defined as the age of 
the child at the first clinic visit at which they were recorded as being myopic. For children 
who were classified as non-myopic at all of their clinic visits, the age at their last visit was 
used as the right-censored time to event.  
 
Three models were created for assessing the risks associated with, (a) number of myopic 
parents coded as a categorical variable with three levels (0, 1 or 2), (b) genetic risk score 
categorised as low, average, or high risk, and (c) number of myopic parents and genetic risk 
score combined. Genetic risk score category was defined as above in the LMM methods. All 
models included gender as a covariate.  
 
Results 
Population demographics & genetic risk score distribution 
We identified a total of 3,320 and 2,273 participants at the ages 7 and 15, respectively, who 
had a known number of myopic parents, genotype data available, and a valid non-
cycloplegic auto-refraction measurement. For analyses comparing effects at the 2 ages, a 
total of 2,048 participants had refractive data at both the ages of 7 and 15, after meeting the 
above inclusion criteria. The demographic characteristics of these participants are 
presented in Table 1. Approximately 40% of participants had no myopic parents, while 
approximately 45% and 15% had 1 and 2 myopic parents, respectively. 
 
The distribution of the number of genetic risk alleles carried by participants and the 
distribution of genetic risk scores are shown in Figure 2, in the left and right panels, 
respectively. The mean number of risk alleles was 121 (range 95 to 151); the theoretical 
maximum would be 2 x 149 = 298. The genetic risk score differed subtly between 
participants with 0, 1, or 2 myopic parents: the GRS was 0.15 SD units higher in 
participants with 1 vs. 0 myopic parents (P<0.0001) and 0.36 SD units higher in those with 
2 vs. 0 myopic parents (P<0.0001). The distribution (density function) of genetic risk 
scores in participants with different numbers of myopic parents can be seen in Figure 3.  
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Linear model analysis 
Number of myopic parents as a predictor 
The number of myopic parents was weakly predictive of refractive error in children both at 
age 7 and at age 15 years. At age 7 years, the variation in refractive error explained (R2) by 
number of myopic parents was 3.0% (95% CI 1.8%-4.1%, P<0.0001). At the age of 15, the 
R2 value increased to 4.8% (95% CI 3.1%-6.5%, P<0.0001).  
 
Genetic risk score as a predictor 
The genetic risk score of individuals was also weakly predictive of refractive error at both 
ages. At age 7 years the variation in refractive error explained by the genetic risk score was 
1.1% (95% CI 0.04%-1.9%, P<0.0001). This increased to 2.6% (95% CI 1.3%-3.9%, 
P<0.0001) at the age of 15 years. 
 
Combined genetic risk score and number of myopic parents  
Combining the 2 predictor variables improved predictive performance at both ages. At 7 
years, the R2 was 3.7% (95% CI 2.5%-5.0%, P<0.0001) and at 15 years, the R2 was 7.0% 
(95% CI 5.0%-9.0%, P<0.0001). There was minimal evidence for an interaction between 
genetic risk score and number of myopic parents in the combined model at age 7 years 
(P=0.63); however there was support for an interaction between having 2 myopic parents 
and genetic risk score at age 15 years (interaction effect=-0.17 D per 1 SD increase in 
genetic risk score; P=0.027). An improvement was found between the combined models 
versus the prediction using number of myopic parents alone using a likelihood ratio test: 
P<0.0001, at both 7 and 15 years of age. A summary of these results can be seen in Table 2 
and Figure 4. 
 
Comparison of prediction at ages 7 vs. 15 
In the sample of 2,048 individuals with refractive error information at both age 7 and 15 
years (Figure 1), the R2 for prediction of refractive error using solely the number of myopic 
parents increased from 2.8% (95% CI 1.4%-4.2%, P<0.0001) at age 7 years to 4.6% (95% 
CI 2.8%-6.4%, P<0.0001) at age 15 years. For prediction of refractive error using solely the 
genetic risk score, the R2 increased from 0.7% (95% CI 0.0%-1.4%, P<0.0001) at age 7 
years to 2.0% (95% CI 0.8%-3.2%, P<0.0001) at age 15 years. For prediction using both 
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number of myopic parents and genetic risk score, the R2 increased from 3.3% (95% CI 
1.8%-4.8%, P<0.0001) at age 7 years to 6.1% (95% CI 4.1%-8.0%, P<0.0001) at age 15 
years. Although all of these results were suggestive of improved prediction at the older age 
point, the overlapping 95% confidence intervals indicated no statistical support for any of 
the differences compared to what would be expected by chance. 
 
Linear mixed model analyses 
After excluding participants lacking genotype data or information about their number of 
myopic parents, and those who had attended fewer than 3 visits at different ages, there 
were 3,047 participants available for inclusion in the LMM analyses (Figure 1). Figure 5 
shows the refractive error trajectories predicted using the best-fit models for genetic risk 
score, number of myopic parents, and a combined model, respectively. All models indicated 
a progression towards a more myopic refractive error with age across all risk categories, 
although this tendency was less evident in the lower risk categories for both genetic risk 
score and number of myopic parents. Results from all three models can be found in Table 3. 
 
A broadening in refractive error distribution with age was evident in all three analyses, 
with number of myopic parents showing a larger distribution between individuals with a 
different number of myopic parents at the age of 15 years old compared to the high vs. low 
genetic risk score. Children with 2 myopic parents appeared to show a higher degree of 
myopia at the age of 15 than those with a high genetic risk score.   
 
The right panel of Figure 5 illustrates the trajectory of participantsǯ refractive error using 
the combined model. Consistent with the linear model analyses (Figure 4), the number of 
myopic parents and the genetic risk score appeared to provide additional information 
compared to each risk factor in isolation. Thus, the lowest risk was for children with zero 
myopic parents and a low genetic risk score, whilst the highest risk was for participants 
with two myopic parents and a high genetic risk. For the combined model, there was 
evidence for a three way interaction between genetic risk score, number of myopic parents, 
and age of visit (P=0.004). 
 
Prediction of incident myopia 
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Incident myopia was associated with both a higher number of myopic parents and a higher 
genetic risk score. The survival curves from the Cox proportional hazard models (Figure 6) 
suggested that the increased risk of myopia conferred by having two vs. zero myopic 
parents was larger compared to having a genetic risk score in the high vs. low categories. 
The results from the combined model for incident myopia suggested that participants with 
two myopic parents and a high genetic risk score had the highest myopia incidence rate, 
while children with zero myopic parents and a low genetic risk had the lowest incidence 
rate. Inclusion of genetic risk score in the survival model (Figure 6 right panel) improved 
the model fit compared to using number of myopic parents alone (likelihood ratio test, 
P=5.1x10-10). There was minimal evidence for an interaction between the number of 
myopic parents and the genetic risk score in the combined model (P=0.87). Results from 
the three survival models can be found in Table 4.  
 
Discussion  
We studied a large cohort of children whose refractive error was assessed longitudinally 
between the ages of 7 and 15 years-old to test two closely-related hypotheses: that the 
accuracy of predicting refractive error (hypothesis #1) and incident myopia (hypothesis 
#2) based on knowing only the number of myopic parents would be enhanced by also 
considering a genetic risk score. In support of the hypotheses, predictive performance 
improved when both predictors were combined, compared to prediction based on the 
number of myopic parents alone (P<0.0001 for hypothesis #1 and hypothesis #2 at both 
ages 7 and 15), suggesting that these risk factors are at least partially independent of one 
another.  
 
Despite the improved predictive performance of linear models incorporating a genetic risk 
score, the highest R2 value achieved using any of our models was less than ~ 7%, which is 
too low to be clinically useful. This low R2 value vividly illustrates the difficulty in 
predicting the refractive error trajectory of an individual as compared to explaining the 
refractive trajectories of a group of individuals (i.e. the same phenomenon that causes 
statistical 95% prediction intervals to be much wider than 95% confidence intervals).  
 
Simulations have indicated that commonly-occurring genetic variants explain 
approximately 35% of the variance in refractive error (the so-called ǲSNP heritabilityǳ) and 
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that, theoretically, genetic prediction accuracy is capable of attaining this level or more18, 41. 
The reason for the poor performance of the genetic risk score was likely due to (a) the 
omission of many risk variants with significant effects on susceptibility to refractive error 
and/or (b) using imprecisely-estimated effect sizes for the 149 variants that were included. 
Both of these limitations could be improved by conducting a GWAS for refractive error in a 
larger sample than the 160,420 individuals studied by CREAM and 23andMe. However, 
there are two additional reasons that may account for the poor performance of the genetic 
risk scores. Firstly, refractive error in the ALSPAC participants was assessed using non-
cycloplegic auto-refraction, which would have introduced measurement error and thereby 
reduced the prediction accuracy. Secondly, refractive development continues beyond 15 
years of age, and therefore SNPs selected predominantly on the basis of effects attained by 
adulthood are likely to perform better at predicting refractive error in adults than in 
children. (In support of the latter argument, the CREAM Consortium reported that a genetic 
risk score derived using a wider set of risk variants explained 7.9% of the inter-individual 
variation in refractive error in a group of adults unrelated to those included in the GWAS 
meta-analysis37. 
 
We speculate that the reason for the improved predictive performance of the combined 
predictors – number of myopic parents and genetic risk score – is because number of 
myopic parents not only captures information about genetic risk, but also the risk of 
myopia from environmental factors. This suggestion that myopic parents not only pass on 
their myopia-predisposing genes to their children, but also raise their children in a 
relatively myopia-inducing environment, has also been used to explain why estimates of 
the heritability of refractive error are higher in sibling-sibling comparisons vs. comparisons 
of more distant relatives42, 43.  
 
Despite the short-comings of the genetic risk score used here, a much-improved genetic 
prediction algorithm would have advantages. For instance, genetic risk scores are entirely 
objective, and thus do not require information recall or input from the patient. They are 
also highly personalised, meaning that advice and treatment can be tailored specifically for 
the individual. Furthermore, genetic profiles are becoming increasingly accessible to 
clinicians and individual members of the public due to their dramatically reducing cost44, 45.  
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There are several limitations to this work. The study participants were all born within a 
few years of each other and recruited from the same small geographic region; results in 
cohorts with a wider age range or recruited from a larger geographic area may have been 
different depending on the range and levels of myopia-genic environmental exposures (e.g. 
the age of starting or leaving schooling). Furthermore, our analysis was restricted to 
participants or European ancestry; the results would likely have been worse in individuals 
with a broader range of ethnic backgrounds46. ALSPAC participantsǯ refractive error was 
measured with non-cycloplegic auto-refraction, which is less accurate than cycloplegic 
autorefraction and typically leads to an age-dependent over-estimation of the degree of 
myopia and an under-estimation of the degree of hyperopia47, 48. This measurement error 
would be expected to reduce the accuracy of all of our prediction models41, however it 
would not invalidate the comparison between models using different predictors. Moreover, 
number of myopic parents was assessed with a simple questionnaire at a single time-point 
in early childhood. Therefore, parental myopia may have been inferred incorrectly (e.g. 
some parents may have completed the questionnaire after undergoing refractive surgery or 
have misunderstood the questions) reducing the reliability of our results.  
 
In conclusion, we found an improvement in the performance of statistical models for 
predicting refractive error and incident myopia when information about genetic 
susceptibility and parental myopia was combined. Nevertheless, the predictive 
performance of even the best model was poor (R2 <8%), suggesting that currently such 
models will be of limited clinical value in detecting children who would benefit most from 
interventions to slow myopia progression. Further genome-wide association studies with 
larger sample sizes and the inclusion of greater numbers of genetic risk variants in risk 
scores will be required to increase performance to a level that would make such predictive 
tests worthwhile in the clinical environment. 
 
Page 15 of 27 
 
References 
1. Pan CW, Dirani M, Cheng CY, Wong TY & Saw SM. The age-specific prevalence of 
myopia in Asia: a meta-analysis. Optom Vis Sci 2015; 92: 258-266. 
2. Williams KM, Bertelsen G, Cumberland P, Wolfram C, Verhoeven VJM, Anastasopoulos 
E, et al. Increasing prevalence of myopia in europe and the impact of education. 
Ophthalmol 2015; 122: 1489-1497. 
3. Vitale S, Ellwein L, Cotch MF, Ferris FL, 3rd & Sperduto R. Prevalence of refractive error 
in the United States, 1999-2004. Arch Ophthalmol 2008; 126: 1111-1119. 
4. Jung SK, Lee JH, Kakizaki H & Jee D. Prevalence of myopia and its association with body 
stature and educational level in 19-year-old male conscripts in Seoul, South Korea. 
Invest Ophthalmol Vis Sci 2012; 53: 5579-5583. 
5. Smith TST, Frick KD, Holden BA, Fricke TR & Naidoo KS. Potential lost productivity 
resulting from the global burden of uncorrected refractive error. Bull World Health 
Organ 2009; 87: 431-437. 
6. Flitcroft DI. The complex interactions of retinal, optical and environmental factors in 
myopia aetiology. Prog Retin Eye Res 2012; 31: 622-660. 
7. Foster PJ & Jiang Y. Epidemiology of myopia. Eye 2014; 28: 202-208. 
8. Lim MC, Gazzard G, Sim EL, Tong L & Saw SM. Direct costs of myopia in Singapore. Eye 
(Lond) 2009; 23: 1086-1089. 
9. ChuŶg K, MohidiŶ N & O͛Leary DJ. UŶdercorrectioŶ of ŵyopia eŶhaŶces rather thaŶ 
inhibits myopia progression. Vision Res 2002; 42: 2555-2559. 
10. O'Leary DJ & Millodot M. Eyelid closure causes myopia in humans. Experientia 1979; 
35: 1478-1479. 
11. Gusek-Schneider GC & Martus P. Stimulus deprivation myopia in human congenital 
ptosis: a study of 95 patients. J Ped Ophthalmol Strab 2001; 38: 340-348. 
12. Huo L, Cui D, Yang X, Wan W, Liao R, Trier K, et al. A retrospective study: form-
deprivation myopia in unilateral congenital ptosis. Clin Exp Optom 2012; 95: 404-409 
13. Tran-Viet KN, Powell C, Barathi VA, Klemm T, Maurer-Stroh S, Limviphuvadh V, et al. 
Mutations in SCO2 are associated with autosomal-dominant high-grade myopia. Am J 
Hum Genet 2013; 92: 820-826. 
14. Lin H-J, Wan L, Tsai Y, Chen W-C, Tsai S-W & Tsai F-J. Muscarinic acetylcholine receptor 
1 gene polymorphisms associated with high myopia. Mol Vision 2009; 15: 1774-1780. 
15. Pan CW, Ramamurthy D & Saw SM. Worldwide prevalence and risk factors for myopia. 
Ophthalmic Physiol Opt 2012; 32: 3-16. 
16. Feldkamper M & Schaeffel F. Interactions of genes and environment in myopia. Dev 
Ophthalmol 2003; 37: 34-49. 
17. Rohrer B & Stell WK. Basic fibroblast growth factor (bFGF) and transforming growth 
factor beta (TGF-β) act as stop and go signals to modulate postnatal ocular growth in 
the chick. Exp Eye Res 1994; 58: 553-561. 
Page 16 of 27 
 
18. Guggenheim JA, Ghorbani Mojarrad N, Williams C & Flitcroft DI. Genetic prediction of 
myopia: prospects and challenges. Ophthalmic Physiol Opt 2017; 37: 549-556. 
19. Jones-Jordan LA, Sinnott LT, Manny RE, Cotter SA, Kleinstein RN, Mutti DO, et al. Early 
childhood refractive error and parental history of myopia as predictors of myopia. 
Invest Ophthalmol Vis Sci 2010; 51: 115-121. 
20. Zadnik K, Satariano WA, Mutti DO, Sholtz RI & Adams AJ. The effect of parental history 
of myopia on children's eye size. JAMA 1994; 271: 1323-1327. 
21. Saw SM, Shankar A, Tan SB, Taylor H, Tan DT, Stone RA, et al. A cohort study of incident 
myopia in Singaporean children. Invest Ophthalmol Vis Sci 2006; 47: 1839-1844. 
22. Jones LA, Sinnott LT, Mutti DO, Mitchell GL, Moeschberger ML & Zadnik K. Parental 
History of myopia, sports and outdoor activities, and future myopia. Invest 
Ophthalmol Vis Sci 2007; 48: 3524-3532. 
23. Mutti DO, Mitchell GL, Moeschberger ML, Jones LA & Zadnik K. Parental myopia, near 
work, school achievement, and children's refractive error. Invest Ophthalmol Vis Sci 
2002; 43: 3633-3640. 
24. Lam DS, Fan DS, Lam RF, Rao SK, Chong KS, Lau JT, et al. The effect of parental history 
of myopia on children's eye size and growth: results of a longitudinal study. Invest 
Ophthalmol Vis Sci 2008; 49: 873-876. 
25. Pacella R, McLellan J, Grice K, Del Bono EA, Wiggs JL & Gwiazda JE. Role of genetic 
factors in the etiology of juvenile-onset myopia based on a longitudinal study of 
refractive error. Optom Vis Sci 1999; 76: 381-386. 
26. Wu MM & Edwards MH. The effect of having myopic parents: an analysis of myopia in 
three generations. Optom Vis Sci 1999; 76: 387-392. 
27. Verhoeven VJM, Hysi PG, Wojciechowski R, Fan Q, Guggenheim JA, Hohn R, et al. 
Genome-wide meta-analyses of multiancestry cohorts identify multiple new 
susceptibility loci for refractive error and myopia. Nat Genet 2013; 45: 314-318. 
28. Pickrell JK, Berisa T, Liu JZ, Segurel L, Tung JY & Hinds DA. Detection and interpretation 
of shared genetic influences on 42 human traits. Nat Genet 2016; 48: 709-717. 
29. Fan Q, Verhoeven VJ, Wojciechowski R, Barathi VA, Hysi PG, Guggenheim JA, et al. 
Meta-analysis of gene-environment-wide association scans accounting for education 
level identifies additional loci for refractive error. Nat Commun 2016; 7: 11008. 
30. Kiefer AK, Tung JY, Do CB, Hinds DA, Mountain JL, Francke U, et al. Genome-wide 
analysis points to roles for extracellular matrix remodeling, the visual cycle, and 
neuronal development in myopia. PLoS Genet 2013; 9: e1003299. 
31. Wojciechowski R. Nature and nurture: the complex genetics of myopia and refractive 
error. Clin Genet 2011; 79: 301-320. 
32. Fraser A, Macdonald-Wallis C, Tilling K, Boyd A, Golding J, Davey Smith G, et al. Cohort 
Profile: The Avon Longitudinal Study of Parents and Children: ALSPAC mothers cohort. 
Int J Epidemiol 2012; 42: 97-110. 
Page 17 of 27 
 
33. Boyd A, Golding J, Macleod J, Lawlor DA, Fraser A, Henderson J, et al. Cohort Profile: 
The ͚ChildreŶ of the 9Ϭs͛—the index offspring of the Avon Longitudinal Study of 
Parents and Children. Int J Epidemiol 2013; 42: 111-127. 
34. Guggenheim JA, Northstone K, McMahon G, Ness AR, Deere K, Mattocks C, et al. Time 
outdoors and physical activity as predictors of incident myopia in childhood: A 
prospective cohort study. Invest Ophthalmol Vis Sci 2012; 53: 2856-2865. 
35. Taylor M, Simpkin AJ, Haycock PC, Dudbridge F & Zuccolo L. Exploration of a Polygenic 
Risk Score for Alcohol Consumption: A Longitudinal analysis from the ALSPAC cohort. 
PLoS ONE 2016; 11: e0167360. 
36. Shah RL, Huang Y, Guggenheim JA & Williams C. Time outdoors at specific ages during 
early childhood and the risk of incident myopia. Invest Ophthalmol Vis Sci 2017; 58: 
1158-1166. 
37. Tedja MS & et al. Large genome-wide meta-analysis highlights light-induced signaling 
as a driver for refractive error. Nat Genet 2018; 50: 834-848. 
38. Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM & Lee JJ. Second-generation 
PLINK: rising to the challenge of larger and richer datasets. Gigascience 2015; 4: 7. 
39. Tkatchenko AV, Tkatchenko TV, Guggenheim JA, Verhoeven VJ, Hysi PG, 
Wojciechowski R, et al. APLP2 regulates refractive error and myopia development in 
mice and humans. PLoS Genet 2015; 11: e1005432. 
40. Northstone K, Guggenheim JA, Howe LD, Tilling K, Paternoster L, Kemp JP, et al. Body 
stature growth trajectory during childhood and the development of myopia. 
Ophthalmol 2013; 120: 1064-1073. 
41. Guggenheim JA, St Pourcain B, McMahon G, Timpson NJ, Evans DM & Williams C. 
Assumption-free estimation of the genetic contribution to refractive error across 
childhood. Mol Vision 2015; 21: 621-632. 
42. Chen CY, Stankovich J, Scurrah KJ, Garoufalis P, Dirani M, Pertile KK, et al. Linkage 
replication of the MYP12 locus in common myopia. Invest Ophthalmol Vis Sci 2007; 
48: 4433-4439. 
43. Bear JC, Richler A & Burke G. Nearwork and familial resemblances in ocular refraction: 
A population study in Newfoundland. Clin Genet 1981; 19: 462-472. 
44. Hall N. It͛s oŶly huŵaŶ. GeŶoŵe Biol ϮϬϭϰ; ϭϱ: ϭϬϰ. 
45. Bahassi EM & Stambrook PJ. Next-generation sequencing technologies: breaking the 
sound barrier of human genetics. Mutagenesis 2014; 29: 303-310. 
46. Canela-Xandri O, Rawlik K, Woolliams JA & Tenesa A. Improved genetic profiling of 
anthropometric traits using a big data approach. PLoS ONE 2016; 11: e0166755. 
47. Choong YF, Chen AH & Goh PP. A comparison of autorefraction and subjective 
refraction with and without cycloplegia in primary school children. Am J Ophthalmol 
2006; 142: 68-74. 
48. Williams C, Miller L, Northstone K & Sparrow JM. The use of non-cycloplegic 
autorefraction data in general studies of children's development. Br J Ophthalmol 
2008; 92: 723-724.
Page 18 of 27 
 
Table 1. Demographic characteristics of the linear model study samples.  
Variable 
Age 7 years 
sample 
(N=3,320) 
Age 15 years 
sample 
(N=2,273) 
Age 7 and 15 
sample 
(N=2,048) 
   at age 7 visit at age 15 visit 
Age (mean  SD) 7.47 ± 0.17 years 15.41 ± 0.27 years 7.45 ± 0.14 years 15.41 ± 0.26 years 
Refractive error (mean  SD) 0.17 ± 0.81 D -0.43 ± 1.24 D 0.16 ± 0.79 D -0.43 ± 1.19 D 
Myopic (%) 71 (2.1%) 369 (16.2%) 48 (2.3%) 329 (16.1%) 
Male (%) 1,680 (51%) 1,071 (47%) 978 (48%) 
Number of myopic parents    
   Zero (%) 1341 (41%) 886 (39%) 783 (38%) 
   One (%) 1535 (46%) 1052 (46%) 963 (47%) 
   Two (%) 444 (13%) 335 (15%) 302 (15%) 
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Table 2. Accuracy of predicting refractive error using a linear regression model with predictor variables (A) number of myopic parents, (B) 
genetic risk score, or (C) a combined analysis. 
 
 
  
 
 
 
 
 
 
 
Model A 
Number of myopic parents 
Model B 
Genetic risk score 
Model C 
Combined analysis 
Model 1 vs. 
Model 3 
 R2 95% CI P-value R2 95% CI P-value R2 95% CI P-value P-value 
Children aged 7 
years (N=3,320) 0.030 0.018-0.041 <0.0001 0.011 0.004-0.019 <0.0001 0.037 0.025-0.050 <0.0001 <0.0001 
Children aged 15 
years (N=2,273) 0.048 0.031-0.065 <0.0001 0.026 0.013-0.039 <0.0001 0.070 0.050-0.090 <0.0001 <0.0001 
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Table 3. Fixed effect parameters for best-fit linear mixed models using predictors (A) 
number of myopic parents, (B) genetic risk score and (C) a combined analysis. 
 
Variable Coefficient 95% CI P-value 
Model A    
Female gender (vs. male) -0.003 -0.063 to 0.058 0.93 
Number of myopic parents -0.221 -0.265 to -0.177 <0.0001 
Age (polynomial order 1) -16.602 -18.522 to -14.682 <0.0001 
Age (polynomial order 2) -3.150 -3.951 to 2.349 <0.0001 
Age (polynomial order 3) 2.647 1.861 to 3.433 <0.0001 
Age (polynomial order 4) 1.900 0.951 to 2.849 <0.0001 
Number of myopic parents x age -0.026 -0.032 to -0.019 <0.0001 
Model B    
Female gender (vs. male) 0.001 -0.059 to 0.062 0.95 
Genetic risk score (per 1 SD increase) -0.101 -0.409 to 0.207 <0.0001 
Age (polynomial order 1) -22.168 -23.469 to -20.867 <0.0001 
Age (polynomial order 2) -3.164 -3.970 to -2.368 <0.0001 
Age (polynomial order 3) 2.651 1.865 to 3.438 <0.0001 
Age (polynomial order 4) 1.941 0.984 to 2.882 <0.0001 
Genetic risk score x age -0.015 -0.019 to -0.011 <0.0001 
Model C    
Female gender (vs. male) -0.005 -0.065 to 0.056 0.87 
Number of myopic parents -0.208 -0.252 to -0.164 <0.0001 
Genetic risk score (per 1 SD increase) -0.086 -0.131 to -0.042 <0.0001 
Age (polynomial order 1) -16.887 -18.798 to -14.987 <0.0001 
Age (polynomial order 2) -3.162 -3.963 to -2.361 <0.0001 
Age (polynomial order 3) 2.645 1.861 to 3.434 <0.0001 
Age (polynomial order 4) 1.926 0.971 to 2.868 <0.0001 
Genetic risk score x number of myopic parents  0.002 -0.026 to 0.046 0.94 
Number of myopic parents x age -0.023 -0.029 to -0.017 <0.0001 
Genetic risk score x age -0.006 -0.013 to 0.000 0.06 
Genetic risk score x number of myopic parents x age -0.009 -0.016 to -0.003 0.004 
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Taďle 4.  “urvival aŶalysis for ͞reŵaiŶiŶg ŶoŶ-ŵyopiĐ͟ usiŶg prediĐtor variaďles ;AͿ Ŷuŵďer of ŵyopiĐ pareŶts, ;BͿ geŶetiĐ risk sĐore aŶd ;CͿ 
a combined model.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variable HR 95% CI P-value 
Model A    
Female gender (vs. male)  1.15 0.98 to 1.34 0.08 
One myopic parent (vs. zero) 1.57 1.30 to 1.88 <0.0001 
Two myopic parents (vs. zero) 3.10 2.50 to 3.84 <0.0001 
    
Model B    
Female gender (vs. male)   1.13 0.97 to 1.32 0.12 
Genetic risk score (per 1 SD increase) 1.33 1.23 to 1.44 <0.0001 
    
Model C    
Female gender (vs. male) 1.15 0.98 to 1.34 0.08 
One myopic parent (vs. zero) 1.51 1.25 to 1.82 <0.0001 
Two myopic parents (vs. zero) 2.90 2.34 to 3.59 <0.0001 
Genetic risk score (per 1 SD increase) 1.28 1.19 to 1.39 <0.0001 
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Figure 1. Flowchart of participant selection.  
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Figure 2. Histograms showing the distribution of number of risk alleles carried (Left) and 
genetic risk Z-scores (Right) for the 4,358 children in the full analysis sample. 
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Figure 3. Density plot demonstrating the distribution of genetic risk Z-scores for 
participants with different numbers of myopic parents. It should be noted that the sample 
sizes were not equal; there were 1,859, 1,946, and 553 participants with zero, one, and two 
myopic parents, respectively.  
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Figure 4. Comparison of accuracy of predicting refractive error using number of myopic 
parents and genetic risk score at the ages of 7 and 15 years old. Error bars show 95% 
confidence intervals. 
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Figure 5. Refractive trajectories predicted using (Left) number of myopic parents, (Middle) genetic risk Z-score, and (Right) a combined 
model with high and low risk genetic risk categories for children with 0, 1, or 2 myopic parents. In the middle and right panels, the high and 
low genetic risk categories correspond to children with a genetic risk score above or below 1 standard deviation from the mean, respectively. 
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Figure 6. Survival curves for remaining non-myopic as a function of (Left) number of myopic parents, (Middle) genetic risk score, and 
(Right) a combined model with genetic risk score and number of myopic parents.  In the middle and right panels, the high and low genetic risk 
categories correspond to children with a genetic risk score above or below 1 standard deviation from the mean, respectively. 
 
 
 
 
